We report CCD V and I time series photometry of the globular cluster NGC 5024 (M53). The technique of difference image analysis has been used which enables photometric precisions better than 10 mmag for stars brighter than V ∼ 18.5 mag even in the crowded central regions of the cluster. The high photometric precision has resulted in the discovery of two new RR1 stars and thirteen SX Phe stars. A detailed identification chart is given for all the variable stars in the field of our images of the cluster. Periodicities were calculated for all RR Lyraes and SX Phe stars and a critical comparison is made with previous determinations.
INTRODUCTION
This paper is part of a series on CCD photometry of globular clusters in which we employ the technique of difference image analysis (DIA) to produce precise time series photometry of individual stars
The globular cluster NGC 5024 (M53) RA α = 13 h 12 m 55.3 s , Dec. δ = +18
• 10 ′ 09 ′′ , J2000; l = 332.97
• , b = +79.77
• is located in the intermediate Galactic halo at Z = 17.5 kpc, RG=18.3 kpc (Harris 1996) hence its reddening is very low (E(B − V ) ∼ 0.02 − 0.08). With [Fe/H] ∼ −2.0, it is among the most metal deficient globular clusters in the Galaxy.
The present edition of the Catalogue of Variable stars in Globular Clusters (CVSGC) (Clement et al. 2001) lists 90 variable stars in NGC 5024, 62 of which are RR Lyrae stars of either RR0 or RR1 type, 11 confirmed and 4 suspected SX Phe, 2 confirmed and 6 suspected semi-regular variables at the Red Giant tip, 3 suspected slow irregular variables (or Lb's), and 2 stars which were found a posteriori not to be variables (V22 and V39).
The cluster has been the subject of two recent studies based on CCD photometry by Kopacki (2000) (K00) and Dékány & Kovács (2009) (DK09) . Our images cover a larger field than those of K00 and are a bit smaller than those of DK09. However the resolution of our images is much better than those in these previous works: 0.296 arcsec pix −1 , compared to 0.688 arcsec pix −1 for K00 and 1.026 arcsec pix −1 for DK09, leading to better deblending of stars in crowded regions, hence the number of measured stars almost triples to about 8910 in V and 8619 in I. For these reasons we feel that our study can contribute to a better understanding of the properties of the many variables in NGC 5024, to their field identification and to the search for new variables. We also note that although our observations obtained in 2009 and 2010 represent an extension of the observations by K00 and DK09 acquired in 1998 K00 and DK09 acquired in -1999 K00 and DK09 acquired in and 2007 K00 and DK09 acquired in -2008 respectively, we choose not to combine the data for period finding purposes since a close inspection of the light curves from K00 showed that they have a large intrinsic scatter and some difference in zero point. Likewise the precision of the light curves measured by DK09 particularly in crowded regions, most likely due to the low resolution of their images, was not very good.
The major goal of our studies of variable stars in globular clusters has been to obtain internally precise light curves of RR Lyrae stars and use them to estimate mean values of [Fe/H] and MV by their Fourier decomposition into their harmonics. Two colour photometry permits to estimate the age of the cluster and to discover and discuss the nature of some variables from their position in the CMD.
In this paper we present a complete census of the variables in the cluster, and estimate the mean values of the metallicity and distance to the cluster using monoperiodic RR Lyrae stars. We provide astrometric positions of the variable stars with an accuracy of ∼ 0.3 arcsec.
In Sect. 2 we describe the observations and data reductions. In Sect. 3 a detailed discussion is presented on the variability and identification of many individual objects and some new variables are presented. In Sect. 4 we calculate the metallicity and absolute magnitude of the RR Lyrae stars using the Fourier light curve decomposition method and discuss the transformations to homogeneous scales. In Sect. 5 we present the newly found SX Phe stars and calibrate their PL relationship. In Sect. 6 brief comments on the long term variables in the cluster are made in the light of our present data. Section 7 contains comments on the age of NGC 5024 and in Section 8 our findings are summarized.
OBSERVATIONS AND REDUCTIONS

Observations
The observations employed in the present work were performed using the Johnson V and I filters on April 17, 18 and 19, 2009, on January 22 and 23, February 21 and 22, March 7 and 8, April 7 and 25, and on May 6 2010. A total of 177 epochs in the V filter and 184 in the I filter were obtained. The 2.0m telescope of the Indian Astronomical Observatory (IAO), Hanle, India, located at 4500m above sea level was used. The estimated seeing was ∼1 arcsec. The detector was a Thompson CCD of 2048 × 2048 pixels with a pixel scale of 0.296 arcsec/pix and a field of view of approximately 10.1 × 10.1 arcmin 2 .
Difference Image Analysis
We employed the technique of difference image analysis (DIA) to extract high precision photometry for all point sources in the images of NGC 5024 (Alard & Lupton 1998; Alard 2000; Bramich et al. 2005) . We used a pre-release version of the DanDIA 1 pipeline for the data reduction process (Bramich et al., in preparation) which includes a new algorithm that models the convolution kernel matching the point-spread function (PSF) of a pair of images of the same field as a discrete pixel array Bramich (2008) .
The DanDIA pipeline was used to perform a number of image calibration steps that include the bias and flat corrections, the cosmic ray cleaning of all raw images, and the creation of a reference image for each filter by stacking a set of the best-seeing calibrated images taken on a single night. In each reference image, we measured the fluxes (referred to as reference fluxes) and positions of all PSF-like objects (stars) by extracting a spatially variable (with polynomial degree 3) empirical PSF from the image and fitting this PSF to each detected object. The detected stars in each image in the time-series sequence were matched with those detected in the corresponding reference image, and a linear transformation was derived which was used to register each image with the reference image. For each filter, a sequence of difference images was created by subtracting the relevant reference image, convolved with an appropriate spatially variable kernel, from each registered image. The differential fluxes for each star detected in the reference image were measured on each difference image. Light curves for each star were constructed by calculating the total flux ftot(t) in ADU/s at each epoch t from:
where fref is the reference flux (ADU/s), fdiff(t) is the differential flux (ADU/s) and p(t) is the photometric scale factor (the integral of the kernel solution-see Section 2.2 of Bramich 2008). Conversion to instrumental magnitudes was achieved using:
where mins(t) is the instrumental magnitude of the star at time t. Uncertainties were propagated in the correct analytical fashion. The above procedure and its caveats have been described in detail in a recent paper and the interested reader is refered to it for the relevant details.
Photometric Calibrations
The instrumental v and i magnitudes were converted to the Johnson-Kron-Cousins photometric system by using the standard stars in the field of NGC 5024 from the collection of Stetson (2000) 2 . These stars have magnitudes in the interval 13.0 < V < 17.6. We identified 48 and 46 standard stars in the V and I reference images with a homogeneous colour distribution between Transformation relation between the instrumental v, i and the standard V, I photometry using the standards of Stetson (2000) 0.04 < V − I < 1.37. The transformations between the instrumental and the standard systems can be fitted by a linear relation and no colour term was found to be significant. The linear correlation coefficients are of the order of ∼ 0.99 (see Fig. 1 ). These relations were used to transform all detected point sources in our images to the Johnson-Kron-Cousins photometric system (Landolt 1992 ). All our V, I photometry for the variables in the field of our images for NGC 5024 is reported in Table 1 . Only a small portion of this table is given in the printed version of this paper but the full table is available in electronic form.
Astrometry
A linear astrometric solution was derived for the V filter reference image by matching ∼1000 hand-picked stars with the USNO-B1.0 star catalogue (Monet et al. 2003 ) using a field overlay in the image display tool GAIA (Draper 2000) . We achieved a radial RMS scatter in the residuals of ∼0.3 arcsec. The astrometric fit was then used to calculate the J2000.0 celestial coordinates for all the confirmed variables in our field of view (see Table 2 ). The coordinates correspond to the epoch of the V reference image, which is the heliocentric Julian day ∼2455249.332 d.
VARIABLE STARS IN NGC 5024
Of the 90 stars listed in the most recent version of the Catalogue of Variable stars in Globular Clusters (Clement et al. 2001) , 13 stars are not in the field of our images and 7 are saturated. The star V39 has been shown to be non variable by Cuffey et al. (1965) . We confirm from our present data that the star is not variable at the level of 0.01 mag and hence it is not included. The remaining 69 stars are listed in Table 2 . In this paper we also report the discovery of two RR1 stars near the central regions of the cluster, now labeled V91 and V92 (included in Table 2 ), and of 13 SX Phe stars. In this section we discuss the results of our exploration of their variability, periodicity, field identification and celestial coordinates.
Identification of variable stars
Many variable stars in this cluster are located in the central crowded region and some are blended. Probably due to this the identifications of some variables in previous publications has been in error. Also, for many of the most recently discovered variables no identification charts have ever been published. The 8 candidate RR Lyrae stars announced by Rey et al. (1998) turned out to be previously known variables as has been pointed out by K00 and confirmed by us. In this paper we provide a chart and accurate celestial coordinates for all the known and the newly discovered variables in the cluster. In the following paragraphs we remark on those variables whose identification was wrong or dubious in previous publications. V57. The star identified on the map of K00 shows no variations in our photometry, while the star to the NE at RA=13 h 12 m 55.56
o 09' 58.2" shows a clear variation with an amplitude of ∼0.8 mag and a period of ∼0.568198d, thus, we confirm our identification of V57 (see Fig. 2 ) and its RR0 nature. Incidentally, the correct star does not appear in the chart of K00. V60. This star is blended with another star of similar brightness. We have confirmed that the variable is the star to the NE as identified on Fig. 2 , which coincides well with the identification made by K00. However caution is advised on future work. Due to the contamination of the neighbouring star, the magnitude, colour and amplitude of V60 have been altered. Its mean V and I magnitudes V61. This star is misidentified in the chart of K00. The star marked is a V ∼ 14.3 magnitude star and hence it is nearly three magnitudes brighter than the RR Lyrae stars in the cluster. The RR1 star is in fact the fainter star to the NW as marked in the finding chart of Fig. 2 . This star has a period of 0.369917 d and a light curve typical of an RR1 both in V and I, thus we confirm the identification of the star. However due to the contamination of the brighter neighbour, V61, like V60, has a peculiar magnitude, color and amplitude. V62. This star is too bright both in V and I to be a RR Lyrae, although its period and light curve are those of a typical RR1. Its position on the CMD is correspondingly peculiar. In fact in our images this is an exceptionally close blend of two bright stars as can be seen by the residuals on the reference image when the PSF model is subtracted. This explains the very low amplitude of the light curve and why it is so bright on the CMD. It is not possible to isolate the RR Lyrae star with the present data. V64. Similar to V62 this star in our images is a very close blend of two bright stars, one of them being the RR1 variable. We cannot isolate the true variable. Its low amplitude and peculiar position on the CMD are due to the blending. V71. We identified this star on our astrometric image using the RA and DEC from DK09. Their coordinates on our astrometric image fall on a 14 mag star which is not variable. A close inspection of the neighbouring stars in our difference images led us to infer that the variable star is the faint one blended to the W. See the detailed identification chart in Fig. 2 . We confirm its variability as reported by DK09 but have found a slightly different period. The light curve is scattered and the colour is peculiar probably due to contamination of two close neighbours. V72. We identified this star on our astrometric image using the RA and Dec from DK09. The star marked by DK09 is not variable. We explored the neighbouring stars and found that the star labeled as V72 in Fig. 2 Fig. 5 and it is identified in Fig. 2 . V81. Like DK09 we find this star to be located in the lower part of the RGB (see Fig. 4 ). We found no clear traces of variability in the light curve of this star above the mean photometric error, which for its brightness is of about 0.01 mag (see Fig. 5 ), and we did not succeed in finding any frequency above the noise level in the period spectrum. Thus we do not confirm the period found by DK09 (0.07137d) nor we confirm this star as an SX Phe variable. V82 and V83. We have identified these stars using the coordinates published by DK09. The stars are quite isolated, still we do not see clear signs of variability in their light curves above the photometric error of ∼ 0.03 mag for their corresponding brightness (Fig.  5) . The period analysis of V82 does not reproduce the frequency reported by DK09 (45.33d
−1 ). Thus we do not confirm its variability and hence its SX Phe nature. For V83 we find some signal at f1 = 4.33 although of very low amplitude (0.008 mag). The reported frequency by DK09 is f1 = 8.01. Thus even if some indications of variability might be present for V83, its status as an SX Phe variable remains uncertain. V91 and V92. These are two newly discovered RR1 stars with periods 0.302423d and 0.277219d respectively. They are found to be located right in the HB along with the other RR1 stars known in the cluster. Detailed identification of these stars is given in Fig. 2 .
The light curves of all RR Lyrae stars in the field of our images are shown in Fig. 3 .
The Colour-Magnitude-Diagram
We calculated a magnitude weighted mean to the light curves of about 8900 stars measured in the V and I frames to construct the Colour-Magnitude Diagram (CMD) shown in the top panel of Fig.  4 . For the non-variable stars and the sinusoidal symmetric and well phased covered variables, like RR1 and SX Phe, the magnitude and colour weighted means are virtually identical to better approaches to the static star, like the intensity weighted means (Bono et al. 1995) . However for the asymmetric RR0 stars, and despite their evenly good phase coverage, we have calculated V − I from the mean values of V and I obtained from the Fourier fit of the light curve (A0 in eq. 4). For the five RR0 Blazhko variables we used only the light curve at maximum amplitude. Marked on the figure are all the variables in NGC 5024 contained in the field of our images and an approximate location of the Blue Straggler region where eclipsing binaries and SX Phe variables are expected to be. Most of the known RR Lyrae stars and SX Phe fall in the expected region except for a few labeled stars. The reasons for the peculiar positions of these stars are related either to contamination from a neighbouring star or an inaccurate reference flux estimation in a crowded region, or both. We notice the presence of non-variable stars in the RR Lyrae instability strip. We have inspected their light curves and confirm their non-variable nature. These stars are mostly located in the crowded central region of the cluster and then contamination by neighbours may have rendered incorrect magnitudes and/or colour for some of them. See sections 3.1 and 5 for individual comments for RR Lyrae and SX Phe stars respectively.
The bottom panel of Fig. 4 displays a blow-up of the HB region. RR Lyrae stars are indicated with colours as in the top panel Figure 5 . Light curves of V80, V81, V82 and V83 suspected as SX Phe stars by DK09. Black and red symbols correspond to V an I data respectively. Typical mean uncertainties in V and I are indicated by the black and red error bars respectively in the top boxes. For V80 the uncertainties are of about the same size as the symbols. We only confirm the variability and SX Phe nature of V80.
but now the non-modulated stars are plotted with empty circles, and the Blazhko variables with filled circles. RR0 and RR1 stars are clearly separated by the vertical line at V − I = 0.48 which may be interpreted as the border between the inter-mode region first overtone -fundamental (OF) region and the fundamental (F) region. As schematically shown by Caputo et al. (1978) (their Fig  3) , one could only find a clean separation between RR1 and RR0 if the evolution on the HB is predominantly to the red.
We note that the Blazhko RR1 stars tend to clump in the OF and a detaliled discussion on the origin of their amplitude and phase instability being associated with their evolution will be presented in a forthcoming paper .
Period determination
To calculate the periodicity of each light curve we used the stringlength method (Burke et al. 1970; Dworetsky 1983 ) which determines the best period and a corresponding normalized string-length statistic SQ. Exploration of the light curves with the smallest values of SQ by phasing them with their best period recovered all the known RR Lyrae stars and their periods. In column 4 of Table 2 we report the period found for each RR Lyrae star and include, in columns 6 and 7, the periods given by K00 and DK09. The agreement between our periods and those of DK09 is in general very good, the differences are smaller than ±50 × 10 −6 d. Some stars having larger differences are V17, V19, V44, V63, V71 and V72. While this might be considered as an indication of a secular period change, the presence of amplitude and phase modulations (Blazhko effect), has been detected or suspected in all these stars (see Arellano Ferro et al. 2011) . For V17, V71 and V72 we note that the periods of DK09 do not phase our data properly. None of these stars was included in the photometry of K00. The data set of DK09 combined with our data have a time span of only about 3 years, thus we refrain from a numerical analysis in search of a period change. Attention should be paid to these stars in future studies for possible period changes.
For the shorter period stars SX Phe we used the period04 program of Lenz & Breger (2005) as described below.
Search for new variables
Given the deepness of our collection of images and the precision of our photometry down to V∼20, we attempted to find new variables in the field of NGC 5024. We used four different approaches.
First, the exploration of the statistic parameter SQ produced by the string-length method (section 3.3) in stars with SQ smaller than a threshold value, recovered all the known RR Lyrae and brighter variables and allowed us to discover variables V91 and V92. We note that this method fails for identifying the small amplitude and short period SX Phe stars, for which a different approach was used (see also Arellano Ferro et al. 2010) .
Second, from Fig. 6 it can be seen that variable stars have larger values of the RMS for its corresponding mean magnitude. However, some stars in that plot may have large RMS due to outlier photometric measurements. We have individually explored the light curves of a large fraction of these "candidates" down to V∼ 17.3 mag and with RMS larger than 0.01 mag to discriminate between authentic variables and false detections. We used this approach mainly to search for RR Lyrae stars or brighter variables. For the fainter variables in the Blue Straggler region we used a different approach. By adopting this method we confirmed the discovery of the two RR1 stars V91 and V92.
Third, mainly searching for eclipsing binaries and SX Phe stars in the 18 < V < 20 mag range, the sequence of difference images in our data collection were inspected. By converting each difference image D kij to an image of absolute deviations in units of sigma D ′ kij = |D kij |/σ kij and then constructing the sum of all such images Sij = k D ′ kij for each filter, one can identify candidate variable sources as PSF-like peaks in the image Sij . Using this method we recovered all known the RR Lyrae and SX Phe stars, confirmed the variability of the previously suspected SX Phe star V80 (DK09), and discovered 13 new SX Phe stars.
Fourth, the individual V and I light curves of all the stars contained in the red box in the CMD of Fig. 4 were inspected. To allow for uncertainties in the V − I colour and hence in the position of the candidate star on the CMD, stars with (V − I) < 0.1 were also checked. A total of 400 candidates were identified. Since the V and I observations were carried out alternatively, in order to have a more continuous light curve we applied an arbitrary shift in magnitude to the I data to match the V data. Then, when variations were seen in the light curve, we performed a period analysis using period04. To a certain extent the majority of stars in the BS region present some kind of small amplitude irregular variations. However we classify a star as variable when prominent clear variations are seen above the mean photometric uncertainties and the data produced a frequency spectrum with a peak whose signal is at least twice that of the frequency noise level. This procedure recovered all the known SX Phe stars listed in Table 2 and confirmed the discovery of 13 new SX Phe stars which have been labeled as V93, V94,..., V105. These new variables are also identified in the charts of Fig. 2 and discussed in section 5.
RR LYRAE STARS
Oosterhoff type and Bailey diagram
The average periods of the 24 RR0 and 31 RR1 stars in Table 2 are 0.661±0.064 and 0.347±0.039 d respectively and 55% of the RR Lyrae stars in this cluster are RR1. The corresponding numbers for OoII clusters from the CVSGC are 0.659 and 0.368 respectively, and 48% are RR1 stars (Clement et al. 2001) . These numbers clearly identify NGC 5024 as an OoII cluster.
A plot of amplitude versus period in Fig. 7 (the Bailey diagram) offers and additional insight to the Oosterhoff classification and is useful in identifying stars with peculiar amplitudes which may introduce noise in the determination for [Fe/H] and MV by the Fourier decomposition of their light curves. The top panel of Fig. 7 shows the distribution of RR0 and RR1 stars, compared with the mean distributions of the OoI cluster M3, shown as solid curves and taken from Cacciari et al. (2005) . It is clear that the RR0 stars are displaced towards longer periods. Similar distributions are displayed by the OoII clusters M9, M15 and M68 (see Fig. 4 of Cacciari et al. 2005) . No outliers are seen among the RR0 stars, and the five stars known to display the Blazhko effect (V11, V33, V38, V41, V57, plotted as filled triangles) do follow the trend of the RR0 stars equally well. This confirms the Oosterhoff type II of the cluster.
The distribution of RR1 stars is very scattered and can be seen that many appear to have shorter than expected periods for a given amplitude. A similar result was found by Contreras et al. (2010) for the OoI cluster M62 and these authors cite Clement & Shelton (1999) as ascribing these differences to metallicity dependence, in the sense that for RR1 stars present systematic deviations toward shorter period with increasing metallicity. Since NGC 5024 is more metal poor, this explanation is not satisfactory. We note that Clement & Shelton based their comment on three OoI clusters with a low number of RR1 stars (M107, M4 and M5) which in fact do not show the large scatter seen in Fig.7 or for M62 (Contreras et al. 2010) .
It is true that Fig.7 contains a large number of RR1 stars with Blazhko amplitude and phase modulations (open triangles; to be discussed by Arellano Ferro et al. 2011) . For these stars we have measured the maximum observed amplitude which in fact may be underestimated if we have failed to observe the star at maximum amplitude. Given the large incidence of Blazhko variables among the RR1 stars we think that it is possible that even the stars with apparently stable light curves (open circles in Fig. 7) , may turn out to show amplitude modulations if precise photometry is obtained over long time spans. If the Blazhko effect is a temporary peculiarity in the evolution of an RR Lyrae star that may involve a switch of pulsation modes, as it seems to be the case of star V79 in M3 (Goranskij, Christine & Thompson, 2010) , the RR1 stars in NGC 5024 may be evolving through such a stage and further monitoring may reveal unprecedented observations of structural changes in stars in a globular cluster.
While the presence of Blazhko variables may contribute to the dispersion, we note that such a dispersion does not come as a surprise on theoretical grounds. Theoretical calculations by Bono et al. (1997) show that the distribution of first overtone pulsators on the log P vs. A bol plane is not linear for a given luminosity, mass and helium content. Thus, as these quantities may have intrinsic scatter from star to star in a cluster, the resulting distribution may look as scattered as it is observed in NGC 5024 (and in M62).
As a new feature, in the bottom panel of Fig. 7 we have produced the Bailey diagram using the RR Lyrae amplitudes in the I filter, AI . The star distribution resemble that in the log P − AV plane. The solid line is a least squares fit to the RR0 stars (V3 and V60 were omitted) and has the form of eq. 3 which, being NGC 5024 a OoII cluster rich in RR Lyrae stars, it should be representative of the RR0 stars distribution in the I version of the Bailey's diagram for an OoII cluster.
The Oosterhoff type can also be defined from the average physical parameters of RR0 and RR1 stars derived by the Fourier decomposition of their light curves (Corwin et al. 2003) . In the following section we shall show that the derived parameters for the RR0 stars support the OoII type for NGC 5024.
The Oosterhoff type determination of globular clusters is of relevance in early formation history of the Galactic halo. The scenario has been summarized most recently by Catelan (2009) who describes in detail how the Oosterhoff dichotomy present among the bona fide Galactic globular clusters is not shown by clusters associated with several neighbouring galaxies, from which it is inferred that the halo was not formed by accretion of dwarf galaxies similar to the present Milky Way satellites.
NGC 5024 is indeed a rather emblematic OoII cluster in the sense that it has the second largest number of RR Lyrae stars, after M15, and a very blue HB (L= (B-R)/(B+V+R) = 0.81; Rey et al. (1998) ). This and its low metallicity places the cluster among other OoII Galactic globulars, following the clear Oosterhoff dichotomy found in Galactic globular clusters.
Fourier light curves decomposition of the RR Lyrae stars
The Fourier decomposition of RR Lyrae light curves into their harmonics has proved to be useful to estimate physical parameters, such as metallicity, luminosity and temperatures through the use of semi-empirical relationships (e.g. Jurcksic & Kovács 1996 , Morgan et al. 2007 ). The light curves can be represented by an equation of the form: where m(t) are magnitudes at time t, P the period and E the epoch. A linear minimization routine is used to fit the data with the Fourier series model, deriving the best fit values of E and of the amplitudes A k and phases φ k of the sinusoidal components. From the amplitudes and phases of the harmonics in eq. 4, the Fourier parameters, defined as φij = jφi −iφj, and Rij = Ai/Aj, were calculated. The mean magnitudes A0, and the Fourier light curve fitting parameters of the individual RR0 and RR1 type stars in V are listed in Table 3 .
[Fe/H] and MV from light curve Fourier decomposition
The Fourier decomposition parameters can be used to calculate [Fe/H] and MV for both RR0 and RR1 stars by means of semi empirical calibrations given in eqs. 5, 6, 7 and 8.
The calibrations for [Fe/H] and MV used for RR0 stars are:
and MV = − 1.876 log P − 1.158 A1 + 0.821 A3 + K,
given by Jurcsik & Kovács (1996) and Kovács & Walker (2001) respectively. In eq. 6 we have used K=0.41 to scale the luminosities of the RR0 with the distance modulus of 18.5 for the LMC (see the discussion in Arellano Ferro et al. 2010 , in their section 4.2). The metallicity scale of eq. 5 was transformed into the widely used scale of Zinn & West (1984) 
and
given by Morgan et al. (2007) and Kovács (1998) respectively. For eq. 8 the zero point was reduced to 1.061 to make the luminosities of the RR1 consistent with the distance modulus of 18.5 for the Jurcsik & Kovács (1996) . LMC (see discussions by Cacciari et al. 2005 and Arellano Ferro et al. 2010) . The original zero point given by Kovács (1998) is 1.261. In the above calibrations the phases are calculated either from series of sines or of cosines as indicated by the superscript. We transformed our cosine series phases into the sine ones where necessary by the correlation φ
Although it has been argued that the [Fe/H](P, φ31) relationship gives good results for mean light curves in Blazhko RR0 variables (Jurcsik et al. 2002; Cacciari et al. 2005; Jurcsik et al. 2009 ), we choose to use only the high quality light curves of stars with stable light curves to reduce the scatter and uncertainties in the estimation of the metallicity. Since for the RR1 stars no similar tests have been done, and having detected common amplitude modulations among RR1 stars in this cluster , we prefer to avoid those multiperiodic variables.
There are 24 RR0 and 31 RR1 stars reported in Table 2 . The Blazhko effect was found by DK09 in 2 RR0 (V11 and V57) and 1 RR1 (V16). We discovered the effect in a further 3 RR0 and 21 RR1 and the discussion of these stars will be presented in a separate paper . For the remaining 19 RR0 and 9 RR1, their light curves seem to be stable enough to perform a Fourier decomposition and to calculate their physical parameters.
From the apparently non-modulated RR1 stars we omitted six stars with too small amplitudes for their period shown in Figs. 3 and 7, V59, V61, V62, V72, V91 and V92.
The results are reported in Tables 4 and 5 for all the mono periodic stars without apparent amplitude modulation. Eq. 5 is applicable to RR0 stars with a deviation parameter Dm, defined by Jurcsik & Kovács (1996) and Kovács & Kanbur (1998) , not exceeding a upper limit. These authors suggest Dm ≤ 3.0. The Dm is listed in the last column of Table 3 .
The values of MV in Tables 4 and 5 were transformed into log L/L⊙. The bolometric correction was calculated using the formula BC = 0.06 [Fe/H]ZW + 0.06 given by Sandage & Cacciari (1990) . We adopted the value M ⊙ bol = 4.75.
[Fe/H] discrepancies
The internal error of our estimations of [Fe/H] reported in Tables  4 and 5 are small, which is due to the high quality of the light curves and the Fourier representations, as can also be seen from the small uncertainties in The fact that eq. 5 predicts higher metallicities by ∼ 0.2 dex at the low-metallicity end, has been pointed out in the past (e.g. Nemec 2004; Jurcsik & Kovács 1996; Kovács 2002; Arellano Ferro et al . 2010) . A good agreement between the [Fe/H](P, φ31) and the spectroscopic values for the LMC RR Lyrae stars has been found by Gratton et al. (2004) and Di Fabrizio et al. (2005) only after this metallicity scale difference is taken into account.
Similar systematic offset has been found for the RR Lyraes in metal poor clusters, e.g. Arellano Ferro et al. (2006) Nemec (2004) and Arellano Ferro et al. (2008) for NGC 5466; and Arellano Ferro et al. (2010) for NGC 5053. This problem has been addressed in detail most recently by DK09, who offer a series of possible explanations, such as the low number of low-metallicity field RR Lyrae stars in the sample of calibrators for eq. 5 for which no high-dispersion spectroscopy is available. On the other hand the metallicity for the RR1 stars from eq. 7, −1.84 seems to predict metallicities closer independent spectroscopic estimations (see also the case of M15, NGC 5053 and NGC 5466 in the above cited papers). DK09 have pointed out that in using eq. 7 one has to keep in mind that RR1 stars contain less distinct features than RR0 stars; due to the lack of individual spectroscopic metallicity values for the 106 calibrator stars, the mean values of the parent cluster had to be adopted and as a result only 12 independent metallicity values were considered in the calibration; also the metallicity range of the sample is about half of the one covered by the calibration of eq. 5. DK09 attribute the good overall agreement between metallicities to the strong dependence of [Fe/H] on the period for both RR0 and RR1 stars.
Given the above reasons and the fact that our result for the RR1 stars is based only on three stars and that the amplitudes of most RR1 stars in NGC 5024 display peculiarities (many Blazhko variables and large scatter in the Bailey's diagram) we do not consider the RR1 metallicity as very reliable. On the other hand, a systematic correction of 0.2 dex to the Fourier estimate of [Fe/H] for RR0 stars in extreme low metallicity globular clusters leads to a mean value [Fe/H] = −1.92 ± 0.06.
Distance to NGC 5024 from the RR Lyraes stars
The mean absolute magnitudes MV for the RR0 and the RR1 stars are not significantly different. The true distance modulus, as calculated for the RR0 and RR1 stars is 16.36 ± 0.05 and 16.28 ± 0.07 respectively which correspond to the distances 18.7 ± 0.4 and 18.0 ± 0.5 kpc, where the quoted uncertainties are the standard deviation of the mean. These results are sensitive to the adopted values of reddening and the ratio R = AV /E(B − V ). We have adopted E(B − V ) = 0.02 (Harris 2010, Schlegel et al. 1998 ) and R = 3.1 (Clayton & Cardelli 1988 ). Since the above distances for the RR0 and RR1 stars are calculated from two independent empirical calibrations, with their own systematic uncertainties, they should be considered as two separate estimates. The distance to NGC 5024 listed in the catalogue of Harris (1996) is 17.9 kpc, estimated from the mean V magnitude of 19 RR Lyraes stars from the work of K00.
In order to provide an independent test to the distance reported above, we have considered the period-luminosity relation for RR Lyrae stars in the plane log P − I. Fig. 8 shows the distribution of the RR Lyrae stars in NGC 5024 on this plane. The colours and symbols are as in Fig. 4 . The RR1 stars periods were fundamentalized using P1/P0 = 0.7454 (Catelan 2009 ). Then we have used the theoretical period-luminosity relation in the I band, calculated by Catelan et al. (2004) . These authors offer PL relations of the form MI = b log P + a for several filters, values of the metallicity and HB type L. We used their Table 5 for Z = 0.0005 to interpolate for L= 0.81 (Rey et al. 1998 ) and found the relation MI = −1.385 log P − 0.301. Then we have shifted this relation to the observational plane according to the mean distance 18.7 kpc from the RR0 stars (section 4.5) and adopting E(B − V ) = 0.02 and AI = 0.482AV (Rieke & Lebofsky 1985) . The result is the solid line in Fig. 8 which matches the observations very well. The data dispersion in Fig. 8 corresponds to an average uncertainty in the distance of ±0.7 kpc.
In their paper Catelan et al. (2004) offer average versions of the PL relation for the IJHK bands. For the I band they propose; MI = 0.471−1.132log P+0.205log Z. We calculated log Z from the equation log Z=[Fe/H]zw-1.765+ log (0.638 f+ 0.362) (Catelan et al. 2004 ) with f=10
[α/Fe] =1.995 corresponding to [α/Fe]=+0.3 (Carney 1966 ). The resulting relation was shifted to the data as described in the previous paragraph. The result is the segmented line in Fig. 8 which fails matching our data. This illustrates the importance of using the HB structure dependent versions of the PL relation whenever the L parameter can be estimated.
Masses for the RR0 stars
The masses of the RR0 stars with stable light curves can be estimated from the calibration of Jurcsik (1998) ; log M/M⊙ = 20.884 − 1.754 log P + 1.477 log (L/L⊙)
Although the validity of this equation has been questioned by Cacciari et al. (2005) , in a recent paper (Arellano Ferro et al. 2010) we have compared the masses from eq. 9 with the predicted masses from the van Albada & Baker (1971): log M/M⊙ = 16.907 − 1.47 log PF + 1.24 log (L/L⊙) − 5.12 log T eff for a sample of RR0 stars in NGC 5053, and found that they agree to within a few percent. We have calculated the masses of the RR0 stars in NGC 5024 with eq. 9 and report them in the last column of Table  4 . The average mass is 0.72 ± 0.02 M⊙ We did not calculate the masses for RR1 stars due to the amplitude and phase modulations discussed in previous sections for these stars.
SX PHE STARS
We have carried out an inspection of the light curves in our data of the four suspected SX Phe by DK09: V80, V81, V82 and V83 but have only confirmed the variability and periodicities reported by DK09 for V80. V81 and V82 are not found to be variable. The variability of V83 is marginal but its SX Phe nature cannot be ascertained.
In the present work 13 new SX Phe stars have been found and another 5 marginal cases are retained as suspected. The light curves of some of these new SX Phe stars are shown in Fig 10. Accurate finding charts for the these new SX Phe stars are given in Fig. 9 . We have performed a period analysis for all these stars with period04. Due to the limited time span of our data, it is not possible to assess the existence and values for more than one, and in some cases two, frequencies. However the determination of the main frequency with the largest amplitude is quite clear. In Fig 11 we present the frequency spectra for all the newly found SX Phe stars.
The corresponding variable names assigned to the new variables are from V93 to V105. Their frequencies, mode identification and celestial coordinates are given in Table 6 . For the mode identification we have assumed that the main frequency, with the largest amplitude, is the fundamental mode f1. When secondary frequencies are identified, the mode is suggested by the frequency ratio (e.g. V99, V101, V102). However the final mode assignment has been defined by the position of each star on the PL plane of Fig. 12 relative to the fundamental and first overtone loci as discussed the following section.
SX Phe PL relationship
The existence of a period-luminosity relationship for SX Phe stars has been firmly established both from theoretical (e.g. Santolamazza et al. 2001) and empirical grounds (e.g. McNamara 1997; , Jeon et al. 2003 2004 , Poretti et al. 2008 . In Fig. 12 we have plotted on the log P − V and log P − I planes, the previously known and suspected SX Phe stars, as given in the CVSGC, and the 13 SX Phe stars stars found in this work. The solid lines in both panels are least square fits to the evident fundamental pulsator stars. Small and large dashed lines correspond to relationships inferred for first and second overtone pulsators respectively, assuming the ratios F/1O = 0.783 and F/2O = 0.571 (see Santolamazza et al. 2001 or Jeon et al. 2003 Poretti et al. 2005) . The distribution of the stars along one of these PL relations is very clear in most cases. On the basis of this distribution and the frequency ratios from the period analysis we have assigned the pulsation mode given in column 9 of Table 6 . Although the stars V78 and V90 are not in the field of our images, we included them by adopting their periods and V magnitudes from the CVSGC. The previously suspected SX Phe star V81 is not included since we have not confirmed its variability. Two positions are plotted for V101 and V104. V101 is a clear case for which the fundamental mode and first overtone have been detected. For V104 however, the main frequency found is too short for its magnitude both in V and I. If we assume that we have detected an alias and that the fundamental frequency F = 3f1, then the star positions right on the fundamental sequence of the PL relationship. We concede that this is forcing the case but it is tempting to assume that. In any case we have not used V104 in the calculation of the fundamental log P − V relation. There are outstanding outliers such as V78, and the two of the suspected SX Phe stars V82 and V83. It is noted that these three stars fall outside the BS region on the CMD of Fig. 4 . The variability of V78 is clear but it is too bright for its period. We speculate that the star has an unseen companion that makes it appear brighter. The star V83 in filter I falls sharp on the fundamental sequence. The case of V82 and V83 has been addressed in section 3.1 and their SX Phe nature has not been confirmed. Now, the above procedure has produced some peculiarities. For instance, for the star V99 the frequency analysis showed very clearly two frequencies whose ratio f1/f2 = 0.782 is the expected one between the fundamental and first overtone for metallicities [Fe/H]< −1.0 (e.g. Fig. 4 in Poretti et al. 2005) . However, when plotted on the log P − V plane of Fig. 12 with the principal period, the star falls on the second overtone locus and on the log P − I plane on the first overtone! It is likely that the star is a blend. A similar case is that of V102. Both stars appear to be too bright for their putative fundamental period. Although we do not have a ready explanation for this, it may be possible that the stars are not SX Phe and hence do not follow the corresponding PL relation and/or that they are members of a binary system and their magnitude is contaminated by the companion.
All the peculiar stars were ignored in the calculation of the least squares fits of the apparently fundamentally pulsating stars, the solid lines in Fig. 12 . The fundamental log P −V and log P −I relationships are of the form:
which, by adopting the average distance modulus obtained from the RR0 stars µo = 16.36 ± 0.05 and E(B − V ) = 0.02 (section 4.5) correspond to:
MI = −2.892 log P − 1.072.
Eq. 12 can be compared with the one found by Jeon et al. (2003) for NGC 5024 based only on the six fundamental SX Phe stars then known: MV = −3.010 log P − 1.070. This relationship is also shown in Fig. 12 as a dotted line. The new MV calibration has essentially the same slope but it is fainter by about 0.05 mag.
The slope and zero point of the PL relation for SX Phe have been obtained for several clusters and discussed by Jeon et al. (2003) Figure 10 . Light curves of newly found SX Phe stars. To produce a more complete appearance of the light curve we have applied an arbitrary shift in magnitude to the I data (red circles) to match the V data (black circles). 
Suspected Variables
A few stars whose light curves show mild but rather clear variations were identified. However, we failed to find a convincing frequency above the noise level. These stars are retained as suspected variables and they have been labeled with an "S" prefix. They are listed in Table 7 along with their celestial coordinates. One should refrain from assigning these stars a variable number until their variability can be confirmed.
LONG TERM VARIABLES
Of the known long term variables in NGC 5024, only three are not saturated; V67, V84, and V86. V84 falls very close to the edge of our field, and a CCD defect has randomly affected the images of this star. Hence we do not claim good observations for V84. For both V67 and V86 our V and I photometry is reliable keeping in mind that such bright stars usually suffer from systematic problems with the photometry to a greater extend than most other stars.
We have attempted period determinations for these stars using period04. For V67 and V86 no V photometry is given by DK09. The analysis of our data suggests periods of 29.4 days for V67 and 12.2 days for V86. No other period is known for V67 while for V86 DK09 report a period of 22.2 days. We note that neither 12.2 nor 22.2 days produce a reliable folding of our data but also note that the time span or our data set is much shorter than that of DK09, thus it is likely that their period is closer to the reality.
V85 is saturated in the filter I reference image and hence we publish only reliable V data, that have been used to discuss its periodicity below. V data are available from DK09 and we have noticed a small shift of about 0.04 mag between the two data sets. Since applying a correction would be inaccurate and would affect the period Figure 11 . Frequency spectra of 13 newly identified SX Phe stars. The spectra on the left are calculated from the original data. The spectra on the right have been prewhitened from the major frequency. In some cases sufficient signal remains to identify secondary frequencies. See Table 6 for the frequencies and amplitude values.
analysis, we chose to analyze the two data sets separately. We have confirmed the 19.8 day period reported by DK09 based on their data set alone and found that this period phases well our data.
In Table 8 we report the mean V magnitude and colour V − I which in fact place the stars correctly on the RGB of the CMD as shown in Fig. 4 .
ON THE AGE OF NGC 5024 AND A REDDENING ESTIMATION
Ages of globular clusters have been estimated from the so called "vertical" and "horizontal" methods, i.e. estimating ∆V , the difference of magnitudes of the ZAHB and the Turn Off (TO) point Figure 12 . Period-Luminosity relationship in V and I for SX Phe stars in NGC 5024. Empty circles represent the 8 SX Phe discovered by Jeon et al. (2003) . Filled circles are the 13 SX Phe stars discovered in this work. Empty squares are two SX Phe stars found by DK09. Triangles are three of the four stars suspected by DK09 to be SX Phe star. V81 is not included since we believe it is not a variable star. The solid lines is a least square fit to the evident fundamental pulsator stars. Short and long dashed lines correspond to the relationships inferred for first and second overtone pulsators respectively, assuming the ratios F/1O = 0.783 and F/2O = 0.571. See section 5.1 for a detailed discussion. The dotted line in the top panel is the P-L calibration calculated by Jeon et al. (2003) from 6 SX Phe in NGC 5024. and ∆(V − I) or ∆(B − V ), the difference between the TO and a fiducial point on the RGB (Rosenberg et al. 1999; Salaris & Weiss 2002) . Both ∆V and ∆(V − I) are age and metallicity dependent.
The usage of any of these methods to the CMD of NGC 5024 in Fig. 4 faces the immediate problem of locating the TO point given the large scatter at V ∼ 20 mag. Therefore, instead of attempting an independent determination of the age of the cluster, we have adopted the recent age estimate of 13.25±0.50 Gyr reported by Dotter et al. (2010) which was achieved from isochrone fitting on a deep CMD based on Hubble Space Telescope, Advanced Camera Survey photometry. We have plotted on the CMD of Fig. 4 the isochrones from the library of VandenBerg, Bergbusch & Dowler (2006) for [Fe/H]=−1.84 (purple lines) and −2.01 (green lines), [α/Fe]=+0.3 and the ages 12 (continuous lines) and 14 Gyr (segmented lines), which bracket the calculated metallicity from the RR0 stars and the adopted age for the cluster. The isochrones were shifted until a satisfactory fit to the RGB was observed. We found the best solution for an apparent modulus µ=16.42, and E(B − V ) = 0.0 which are consistent with our estimated true distance modulus µ0 = 16.36 and the adopted E(B − V ) = 0.02 in section 4.5. The CMD in Fig. 4 is consistent the [Fe/H] and distance values obtained from the Fourier decomposition approach to the RR0 stars, and the age of 13.25±0.50 Gyr adopted from Dotter et al. (2010) .
CONCLUSIONS
The technique of difference imaging has proved to be a powerful tool to find new variables even in crowded image regions. Here we report the discovery of two RR1 and 13 SX Phe stars. These discoveries were possible thanks to the spatial resolution of our images and to the deepness and quality of our time series photometry. The difference imaging approach employed for the image analysis played a major role in improving the quality of the light curves and the discovery of very faint variables. This also permitted us to correct previous misidentifications of some variables in the cluster.
Physical parameters of astrophysical relevance, [Fe/H], MV , log (L/L⊙), log T eff , and mass, have been derived for selected RR Lyrae stars in NGC 5024 using the Fourier decomposition of their light curves. Special attention has been paid to the conversion of these parameters onto broadly accepted scales.
Mean values of [Fe/H] and distance of NGC 5024 were calculated from individual values of carefully selected RR Lyrae stars whose light curves are stable and have been shown to have a good quality. The final estimates are [Fe/H]=−1.92 ± 0.06 from 19 RR0 stars and the distance moduli 16.36 ± 0.05 and 16.28 ± 0.07 obtained independently for RR0 and RR1 stars respectively, and which correspond to the distances 18.7 ± 0.4 and 18.05 ± 0.5 kpc.
We found 13 new SX Phe stars of V magnitudes between 18.4 and 19.7 and their pulsation periods were calculated. In a few cases more than one period was detected. The 13 newly discovered SX Phe stars together with the 8 previously known, allowed new calibrations of the PL relationship of SX Phe stars in the V and I bands, and to assign a pulsation mode for most of these elusive faint stars. The calibration of the PL relationship for cluster SX Phe provides a powerful tool for distance determination and it agrees with independent calculations in different stellar systems.
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